Type-II kinase inhibitors represent a class of chemicals that trap their target kinases in an inactive, so-called DFG-out, state, occupying a hydrophobic pocket adjacent to the ATP binding site. These compounds are often more specific than those targeting active, DFG-in, kinase conformations. Unfortunately, the discovery of novel type-II scaffolds presents a considerable challenge, partly because the lack of compatible kinase structures makes structure-based methods inapplicable. We present a computational protocol for converting multiple available DFG-in structures of various kinases (∼70% of mammalian structural kinome) into accurate and specific models of their type-IIbound state. The models, described as Deletion-Of-Loop asp-PHe-gly-IN (DOLPHIN) kinase models, demonstrate exceptional performance in various inhibitor discovery applications, including compound pose prediction, screening, and in silico activity profiling. Given the abundance of the DFG-in structures, the presented approach opens possibilities for kinome-wide discovery of specific molecules targeting inactive kinase states.
Introduction
Protein kinases have been long recognized as important drug targets 1 . Several dozens of small molecule kinase inhibitors are either approved or studied for various human diseases including cancer, cardio-vascular disorders, and inflammation 2, 3 .
Functional states of a typical protein kinase can be characterized by the position of a conserved DFG (or, rarely, D[LWY]G) motif in its activation loop. The absolute majority of inhibitors target the ATP-site of the kinase in its active, DFG-in, state. In contrast, the so-called type-II inhibitors (e.g. imatinib and sorafenib) induce a distinct, DFG-out, conformation, and occupy an additional hydrophobic pocket created by this rearrangement 4-8 ( Figure 1(a) ). These inhibitors possess several advantages over ATP-site compounds, including improved kinase selectivity and slower off-rates 9 .
The phenomenon of type-II inhibition was initially thought to be specific to only a few protein kinases. A small residue at the so-called gatekeeper position in the kinase hinge region was considered a prerequisite for type-II inhibition. That view is challenged by recent advances in targeting kinases with medium-size gatekeepers, such as TIE and MET 10-12 . Type-II inhibitor discovery for a wider range of kinases is therefore a topic of great interest and importance.
Unfortunately, the de novo identification of type-II inhibitors presents a considerable challenge. They are often overlooked in traditional enzymatic assays and high-throughput screening (HTS), because of low affinity to active, phosphorylated kinases. To overcome this obstacle, several phosphorylation state-independent binding assays have been developed, some involving competition binding to immobilized probes [13] [14] [15] [16] , and others based on temperaturedependent unfolding of the protein [17] [18] [19] . These assays, however, address the problem only partially, as they not as cost-effective as biochemical assays, and are hard to apply in a highthroughput fashion. Not surprisingly, most known type-II inhibitors to date have been developed via QSAR-guided modifications of ATP-site ligands, rather than directly from HTS.
The QSAR strategies were generalized by Liu and Gray 20 and Okram et al 21 , who presented a universal chemical modification protocol converting known ATP-site inhibitors into their type-II counterparts. This revolutionary work demonstrated that type-II inhibition is a relatively common phenomenon, for which general methods can be successfully developed and applied. Their approach, however, was restricted to only a small fraction of chemical space, and, being completely chemistry-based, yielded compounds with unpredictable kinase specificity.
Structure-based computational methods, including Virtual Ligand Screening (VLS) have a potential of both dramatically widening the chemical space and reducing the number of candidates for experimental validation. VLS techniques were found successful in a wide variety of applications (e.g. 22 -24 ) , especially combined with improved scoring functions 25, 26 . However, the lack of relevant kinase structures limits the applicability of these techniques to type-II inhibitor discovery. The DFG-in structures, representing ∼70% of the mammalian structural kinome, are type-II-incompatible, as well as intermediate (∼22%) and even apo-DFG-out (∼3%) structures. Reliable methods for modeling the DFG-in / DFG-out transition have not been reported to date.
Here we propose a new approach to structure-based type-II inhibitor discovery and evaluation. We designed a general deterministic modeling protocol for converting the abundant DFG-in structures of various kinases into accurate and specific models of their type-II-bound state, the so-called DOLPHIN (Deletion-Of-Loop PHe-IN) kinase models. The models were validated on a comprehensive kinase-ligand benchmark and demonstrated exceptional performance in all three types of structure-based inhibitor discovery applications: (i) ligand docking (binding pose prediction); (ii) ligand screening (recognition of active type-II compounds in a large dataset); (iii) ligand activity profiling (evaluation of the relative ligand affinities to different kinases). Given the extensive representation of the DFG-in conformations in structural kinome, this approach opens new possibilities for discovery of novel type-II inhibitors for a wide range of kinases.
Results

DFG-in Conformations are Predominant in the Structural Kinome
The June 2008 release of the Protein Data Bank 27 contained 1,216 structures of 122 mammalian protein kinase domains. Conformational analysis of this set showed that 95 kinases were represented at least once in the DFG-in state (840 structures) (Figure 1(b) ). The set of type-II-compatible structures, on the contrary, was limited to only 9 kinases (ABL1, LCK, MET, KIT, SRC, BRAF1, VGFR2, TIE2, and MK14) that have already been co-crystallized with type-II inhibitors (69 structures). Neither 268 structures of intermediate conformations, nor even 39 apo-DFG-out structures represented reasonable models of type-II-bound states.
Conservation of Structural Features of Type-II-bound Conformations in the DFG-in State Suggests DOLPHIN Transformation
DFG-in / DFG-out transition is a dramatic conformational change induced by type-II kinase inhibitors, and their characterizing feature. We observed, however, that except for the DFGout state, determinants of type-II ligand binding are preserved in most DFG-in structures. These determinants include (i) presence of the conserved lysine-glutamate salt bridge and (ii) sufficient pocket width (the distance between the carboxyl group of the conserved αC-helix glutamate and the backbone amide nitrogen of the DFG-motif aspartate).
With reasonable margins, both conserved salt bridge and sufficiently wide pocket (> 4.3 Å) were observed in as many as 600 mammalian DFG-in structures (71%). Some representative counterexamples included PDB 1pkg (activated KIT kinase, the pocket width of only 4.2 Å), 1fmk (SRC kinase, the conserved glutamate points away from the active site) and chain B of PDB 1yom (SRC, the conserved glutamate disordered). Fortunately, these cases were a minority.
Structural conservation of the two determinants of type-II inhibition suggested that DFG-motif excision might convert the DFG-in structures into accurate models of type-II-bound state of their respective kinases, which led to the development of DOLPHIN (Deletion-Of-Loop PHe-IN) protocol (Figure 2 , Methods). To compensate for possible crystallographic errors and enhance the model performance, we also introduced a weak non-specific pharmacophore-like field in place of selected removed atoms.
The models were tested in docking, screening, and activity profiling of the known type-II inhibitors in two modes. In the so-called Single Receptor mode, the performance of each DOLPHIN was evaluated independently. In the Multiple Receptor Conformations (MRC) mode, all available DOLPHINs of a single kinase were combined with each compound represented by its best score in this ensemble.
The minority of DFG-in structures with narrow pocket and/or disrupted salt bridge was expected to demonstrate inferior performance in the above applications. We nevertheless included these structures in the experiment for the sake of exhaustiveness and to evaluate the relative roles of the two structural features.
Docking to DOLPHIN Models Correctly Predicts Type-II Ligand Binding Geometry
A comprehensive benchmark of publicly available DFG-in and type-II-bound kinase structures was used to test the DOLPHIN docking. We studied the performance of individual DOLPHINs and the effects of using MRC ensembles or the additional pharmacophore-like field.
Docking to a single rigid DOLPHIN model is successful in over 75% of the cases -In the single receptor docking, the near-native ligand binding geometry scored first for 142 of 184 DOLPHIN-ligand pairs (77%). For 153 cases (83%), it was found within three topscoring ligand conformations ( Table 1 ). The standard ligand heavy-atom RMSD cutoff of 2 Å was applied.
Docking performance of individual models varied significantly. For example, several models of the SRC kinase appeared incompatible with compound 1 (imatinib 4, PDB Het ID STI, see Figure 3 ) because of a disrupted salt bridge or other structural deviations. Interestingly, imatinib is an extremely weak binder to SRC kinase 28 (observable K d > 10 μM), which might be due to low representation of appropriate SRC conformations in solution. Correct ligand placement also presented a challenge for both narrow-pocket DOLPHINs of the KIT kinase (1pkgA,B) . Importantly, imatinib-resistant active site mutation, T315I, made 2v7aA,B the lowestperforming structures of ABL1. On the other hand, the most accurate models reproduced the binding geometry of all benchmark compounds.
In spite of sufficiently wide pocket and intact salt bridge, chain C in the 2hz4 structure of ABL1 kinase appeared to be a difficult target. We explain it by very high (>100) B-factors of the pocket atoms in this chain signaling of unstable crystal and leading to the unusual, incompatible with type-II ligands rotameric state of Met290.
Among the ligands, the most difficult one was compound 2 (an anilinoquinazoline type-II inhibitor of MK14 29 , PDB Het ID AQZ). In the co-crystal of the kinase with 2 (PDB 2bak), the DFG Phe169 is re-oriented towards the hinge region and provides a stabilizing ligand interaction. The absence of this residue in DOLPHINs complicated the ligand positioning, so that its hinge-region moiety docked correctly in only 2 of 6 cases. However, the part of the ligand occupying the hydrophobic "selectivity" pocket docked correctly in all cases with partial RMSD below 1 Å.
The contribution of the pharmacophore-like field-As described above, a weak attractive field was introduced as a part of the DOLPHIN models in place of their removed DFG-motif atoms. Interestingly, most models were sufficiently accurate to achieve similar docking performance even in the absence of the field. Without it, the correct ligand binding geometry scored first in 112 of 184 cases (61%), and within top three poses in 141 cases (77%).
Multiple Receptor Conformation mode further improves pose prediction-When only the best-scoring ligand poses were selected for kinases with multiple DFG-in structures, the correct binding geometry ranked first for as many as 21 of 23 kinase/ligand pairs (91%) (Figure 4 ). For the 22 nd pair (MK14 and compound 2), it ranked third, yielding to two poses with correctly docked hydrophobic pocket moiety. The only unsuccessful pair consisted of the narrow-pocket KIT ensemble and imatinib, with the near-native geometry ranking only ninth. For 18 of 23 kinase/ligand pairs, pose prediction was also successful in the absence of the pharmacophore-like field.
Refinement and rescoring of the top three ligand poses raised the success rate to 22 of 23 cases (95%), with the pair of MK14 and compound 2 included. The improvement was apparently due to the use of full-atom scoring procedure that is more sensitive to hydrogen bonding and therefore rewards ligand poses with optimal hinge-region contacts.
DOLPHIN Models Recognize Type-II Inhibitors of Their Respective Kinases in Virtual Screening
We further studied the ability of DOLPHIN models to distinguish the active type-II inhibitors from other compounds in VLS. A dataset of 391 crystallographic kinase ligands was used for this purpose, a fraction of active type-II inhibitors ranging from 0.7% for BRAF1 and SRC to 3.6% for MK14. Docking and scoring the dataset compounds in each DOLPHIN model produced an ordered hit list, with the challenge of bringing the scarce active inhibitors to its top. The model screening performance was evaluated numerically as the Area Under ROCCurve, or AUC. Table 2 illustrates, 31 of the 41 DOLPHIN models proved highly selective towards their type-II ligands with the AUC exceeding 0.9. As expected, poor selectivity was observed for the imatinib-resistant mutant structures of ABL1 (2z60A and 2v7aA,B), the three salt bridge deficient SRC structures (1fmkA, 2hwoA, and 1yomB), and high B-factor ABL1 structure (2hz4C). Notably, the models that performed best in docking (e.g. 2g2iA, 2qohA,B and 1oz1A), also demonstrated the highest screening selectivity.
VLS with a single DOLPHIN model-As
Clearly, the quality of the source X-ray structures may have a dramatic effect on the results of DOLPHIN docking and screening. This quality, however, is not exhausted by simple characteristics such as the average resolution of the structure or even atomic B-factor values. For example, the 3.12 Å resolution structure 2g2iA of ABL1 (maximal pocket B-factor of 147) and the 2.9 Å resolution structures 2fb8A,B of BRAF1 nevertheless demonstrated very high docking and screening performance. On the other hand, high-resolution, low B-factors, or even good electron density in the vicinity of the binding pocket can sometimes be observed in a poorly performing model. For example, the excellently resolved SRC structure, 1fmkA (resolution 1.5A, pocket atom B-factors not exceeding 54), appeared type-II incompatible due to a disrupted salt bridge. While it has been previously shown that large-scale virtual screening efforts provide better results for high-resolution structures, in DOLPHIN docking and screening, the influence of structure quality is watered down by other factors. For this study, we used structures with resolution below 3.5 Å. Where available, local pocket electron density was checked using Uppsala Electron Density Server 30 and found acceptable in all cases.
VLS with multiple models of the same kinase-The ligand hit lists from all DOLPHIN models of a single kinase were combined, with each compound represented by its best score in the ensemble. This approach provided exceptionally high selectivity for all six kinases, with the AUC values of 0.96, 0.97, 0.95, 0.96, 0.98, and 0.96 for ABL1, BRAF1, KIT, LCK, MK14, and SRC respectively ( Figure 5 ). Most (>50%) of the known type-II ligands were ranked in the top 3.32% of the list for ABL1 and BRAF1, and in the top 1.28%, 2.56%, 2.30% and 1.79% for KIT, LCK, MK14, and SRC. Even the narrow-pocket KIT ensemble recognized three of five type-II inhibitors of KIT (compounds 3, 4, and 5, Figure 3 ) as ranks two, four, and five, respectively.
Application of the DOLPHIN screening: identification of compound off-target activities-We further analyzed top ∼5% of each hit lists looking specifically at the hypothetical false positives, i.e. high scoring compounds with no reported activity against the respective kinases. This exercise resulted in identification of the following secondary activities of crystallographic type-II inhibitors ( Figure 6 ):
• Compound 6, a dual TIE2 and VGFR2 tyrosine kinase inhibitor 10 (PDB Het ID GIG), scored well in the DOLPHIN ensembles of SRC and MK14 kinases (ranks 3 and 18 of 391, respectively). Its inhibitory activity against these kinases was confirmed experimentally (Masaichi Hasegawa, personal communication). Identification of a potent and selective inhibitor of CSK kinase-Our approach was further applied to a kinase with no available DFG-out structure. We chose human C-terminal Src kinase, CSK, for this case study, because it had a DFG-in structure in the public domain (PDB 1k9a 34 ), and a known type-II inhibitor 20 . We built the DOLPHIN models from all six chains of the structure and screened all "second generation" type-II inhibitors 20 against the obtained MRC ensemble. Compound 9, the only annotated type-II CSK inhibitor in the set 20 , ranked first in the resulting hit list.
In silico Compound Profiling Using DOLPHIN Kinase Models
Computational prediction of the relative binding affinity of a compound to different proteins remains an unsolved problem despite the significant progress towards better force fields and scoring functions. A major difficulty is presented by the fact that binding energies estimated from protein-ligand complex structures appear to be shifted relatively to the observed binding energies in a systematic, protein-specific fashion. Apart from inevitable fluctuations of model quality and energy functions, these systematic binding energy offsets are caused by thermodynamic reasons, namely, variations of the protein conformational equilibrium.
The latter considerations are of particular importance to the present study. Our ligands of interest bind exclusively to the DFG-out kinase species, so their observed affinity depends on the relative concentrations of DFG-in and DFG-out molecules. Equilibrium variations between kinases, mutants of the same kinase, and experimental conditions introduce different offsets to the observed binding energies. For example, experimental data analysis gives the estimated offset difference of 3.15 kcal/mol to the observed type-II compound binding energy to phosphorylated vs. unphosphorylated ABL1, 0.7 kcal/mol to LCK vs. ABL1, and 4 kcal/mol to SRC vs. ABL1 (see Supplementary Materials). Here we demonstrate that adding the offsets to the binding energy estimates from DOLPHIN complexes makes them suitable for ligand activity profiling.
Computational determination of kinase-specific binding energy offsets-For most kinases, the offsets cannot be directly derived from experimental data, and must be found by fitting experimental to calculated binding energies. Using this approach, we obtained the following offset differences for the five kinases with respect to unphosphorylated ABL1:
For the two kinases whose relative offsets w.r.t. ABL1 could be estimated from the experimental binding data (LCK and SRC), these values are in a good agreement with the experiment (0.20 vs. 0.7 kcal/mol for LCK and 3.55 vs. 4 kcal/mol for SRC). The unusually low predicted offset for KIT (-4.48 kcal/mol) is due to the properties of the source DFG-in structures rather than the equilibrium considerations: the calculated binding energies for the correctly docked ligands were consistently higher in the narrow pocket KIT ensemble than in other kinases.
Ligand activity/selectivity profiling-The kinase-specific binding energy offsets were combined with previously calculated ligand binding scores in the DOLPHIN MRC ensembles to give the estimates of their observed binding affinities. Comparison of the obtained values with the experimental data showed a strong correlation (Figure 7 ). For example, the DOLPHIN models correctly characterized compound imatinib (PDB Het ID STI) as a potent inhibitor of ABL1 and LCK kinases, but not BRAF1, MK14, or SRC. BIRB-796 (PDB Het ID B96) was found to be more active against MK14 than against the other five kinases. Sorafenib (PDB Het ID BAX) was confirmed to be a relatively non-specific compound inhibiting all six kinases, SRC to a lesser extent than others. 
Discussion
Recent advances in medicinal chemistry demonstrated that type-II inhibition phenomenon might extend to a wide range of kinases 10, 12 and ligand chemotypes (e.g. 33 , 37 ). Unfortunately, the efficient structure-based discovery of type-II inhibitors is hindered by the lack of compatible kinase structures. Better stability of the DFG-in state makes it a primary material of both experimental ligand screening and X-ray crystallography, introducing a strong bias towards DFG-in conformations in the structural kinome. We demonstrated that despite their obvious type-II-incompatibility, the DFG-in structures often preserve the determinants of type-II ligand binding and can be converted into accurate and specific models of type-IIbound kinases.
Building and testing the DOLPHIN models on a comprehensive kinase benchmark revealed their potential for predicting type-II ligand binding poses (95% success). The top-ranking ligand poses also reproduced the detailed inter-atomic contacts of the complex. Figure 8 provides a comparison of DOLPHIN docking and crystallographic complexes of compound 10 (BIRB-796) with MK14 kinase: the predicted complex reconstitutes all essential intermolecular hydrogen bonds and non-polar contacts identified by X-ray crystallography 9 . Similar results were achieved with other ligand/kinase pairs. The accurate prediction of interatomic contacts makes DOLPHIN docking complexes good starting points for structure-based ligand optimization.
Most DOLPHIN models demonstrated high screening selectivity, even as single rigid receptors. Taking into account the kinase conformational flexibility (MRC approach) further improved the results, providing recognition of most known type-II inhibitors in the top 1.5%-3.5% of the hit lists. We therefore recommend DOLPHIN MRC ensembles as the most efficient virtual screening tool. We were especially pleased to observe that several cases initially classified as false positives were later confirmed as secondary (off-target) activities of the benchmark compounds. This validated the use of DOLPHIN approach for compound off-target activity prediction, a task of critical practical importance.
The DOLPHIN protocol proved to be sensitive to kinase active site mutations. The three ABL1 structures carrying T315I imatinib-resistance mutation (2v7aA,B and 2z60A) clearly behaved differently in docking and screening, down-scoring the inhibitors of the wild-type kinase. Instead, high scores and ranks were assigned to different compounds that now await experimental validation as type-II inhibitors of T315I ABL1.
Current understanding of the phenomenon of type-II inhibition gives two major reasons for higher affinity (or exclusive binding) of a type-II inhibitor to one of two different kinases. First, and most obvious reason lies in variations of the binding site residue composition (it explains, for example, why imatinib binds to ABL1 but not to MK14). In particular, a single change in the gatekeeper residue may exhibit most profound effect on the inhibitor binding due to a steric clash. Another, more subtle reason is the varying energetic penalty of adopting the DFG-out conformation (this, for example, explains low observed affinity of imatinib to SRC 28 ). The two reasons, though not entirely independent 38 , do not appear to directly correlate across the kinome: small gatekeeper does not result in high DFG-out propensity (e,g. SRC has a small gatekeeper and low DFG-out propensity) and vice versa (e,g, IGF1R has a bulky gatekeeper but high DFG-out propensity). While the calculated binding energies for DOLPHIN docking complexes capture the residue composition aspect of the binding affinity, the predefined kinase-specific systematic binding energy offsets introduced in this study represent the numerical expression of the DFG-out propensities. By combining these values, we showed that the DOLPHIN approach could be used to predict the affinity of a single inhibitor to different kinases, evaluate its cross-reactivity, and determine its selectivity profile. That puts our computational technique in line with advanced in vitro activity profiling assays 39 addressing a particularly challenging problem of targeting inactive kinase conformations.
It is important to note that high selectivity may or may not be a desirable feature for a kinase inhibitor. In the recent years, several compounds annotated as "multi-targeted kinase inhibitors" entered clinical trials and were proved to exhibit therapeutic effects by simultaneously shutting down more than one kinase in the same or related pathways. Rational development of such compounds requires both extensive screening and profiling. Combined with experimentally-derived protein-specific offsets, the methodology proposed in this paper may be of great help in designing inhibitors with desired activity profiles.
Ab initio prediction of the absolute DFG-out propensity values and related binding energy offsets for different kinases is an unsolved problem and is out of the scope of this paper. In summary, the proposed DOLPHIN methodology provides reliable structure-based identification of novel type-II ligands, their binding geometry, and kinase selectivity profiles. The abundance of DFG-in conformations in the structural kinome makes this approach applicable to a wide range of kinases, opening new possibilities for discovery of novel specific kinase-targeting therapeutics in cancer and other diseases.
Methods
Identification of Protein Kinase Domains
Protein kinase domain sequence annotations were taken from SwissProt 45, 46 (release 55.5 of June 2008). The sequences were searched against a non-redundant subset of PDB sequences with common protein tags removed. The identified kinase domain structures were clustered to 95% sequence identity. The procedure yielded 122 mammalian kinases with available X-ray 3D information, (856 PDB entries, 1,216 structures when distinct chains within a single PDB entry are counted separately).
Automated Conformational Classification of the Entire Structural Kinome
Each kinase domain was superimposed onto a template DFG-in structure of ABL1 kinase (PDB ID 2gqg, chain A) using only backbone heavy atoms in the 5A vicinity of the imatinib binding site, with activation loop excluded. Residue matching for the superimposition was established from a sequence alignment. Superimposition algorithm iteratively optimized a weighted RMSD with lower weights assigned to the minority of the most deviating atoms.
DFG-in / DFG-out classification of the superimposed structure was performed based on the position and the orientation of the middle residue in its DFG motif. Orientation of the residue was determined as the sum of cosines of angles between the four covalent bonds formed by its C α , C β , C γ , C δ 1,2 atoms and the corresponding bonds in the template structure. The resulting "Phe orientation index" ranged from 0 to 4, with larger values indicating similar orientations. Position of the residue was determined as the distance between its C α atom and the Phe382 C α of template structure. The so-called DFG-in score (S DFG-in ) was calculated for each kinase domain as follows:
Supp. Figure 3 presents the histogram of distribution of DFG-in scores for all X-ray structures of kinase domain in PDB, and examples of structures with different values of the DFG-in score.
For the purpose of this study, a kinase domain structure was classified as DFG-in if its DFGin score was below 3. It was classified as DFG-out if no more than 1 heavy atom was present in the 2 A vicinity of the DFG phenyl ring of the template structure after superimposition. The structures in which the DFG motif was disordered or overlapped with the template DFG with S DFG-in ≥ 3 were considered intermediate (neither DFG-in nor DFG-out).
A small molecule ligand was classified as a type-II ligand if it had mode than 4 atoms in the 2A vicinity of the DFG phenyl ring of the template after kinase domain superimposition. The corresponding kinase domain structure was called a type-II-bound structure.
Benchmark for Ligand Binding Geometry Prediction by DOLPHIN Models
The DOLPHIN docking set consisted of all kinases for which both DFG-in and type-II-bound X-ray structures were found in PDB release of March 2008. It included 41 DFG-in structures of six kinases and 20 crystallographic type-II inhibitors (Table 1 , Supp. Table 2 ). Each ligand was found in a co-crystal with one kinase, except imatinib co-crystallized with ABL1, SRC, KIT, and LCK. This produced the total of 23 kinase/inhibitor pairs and 184 DFG-in structure/ inhibitor docking pairs.
Benchmark for Testing DOLPHIN Model Screening and Selectivity Properties
A comprehensive set of crystallographic kinase inhibitors was collected from PDB release of March 2008 (391 compounds). Among them, 28 compounds (Supp. Table 1 , Supp. Figures 1  and 2 ) have been co-crystallized in the type-II binding mode with one or more kinases. Each of these compounds was classified as a binder to a kinase if it had been found in a co-crystal with that kinase in PDB, or if one of experimentally determined IC 50 , K i , K d was below 10 μM; otherwise it was considered a non-binder. The type-II binders made the positive part of the set for the kinase; all other compounds, including ATP-site inhibitors and type-II ligands with no available activity data, were considered negative. The positive parts of the set for ABL1, BRAF1, KIT, LCK, MK14, and SRC consisted of 8, 3, 5, 8, 14, and 3 type-II compounds, respectively.
DOLPHIN Model Preparation from DFG-in Kinase Structures
Protocol of DOLPHIN model preparation consisted of the two fully automatic steps: (i) removal of all atoms of DFG Phe and the next four residues in the sequence; (ii) generation of the pharmacophore-like field from side-chain atoms of DFG Phe and backbone atoms of the following residues, with DFG Gly skipped (Figure 2(a) ). The pharmacophore-like density was generated in the spirit of Atomic Property Fields 47 , using a single property (lipophilicity). The density slightly rewarded ligand docking poses occupying the hydrophobic "selectivity" pocket. No ligand-related information was employed by the algorithm.
ICM Grid Docking
ICM molecular modeling software 48, 49 was used for ligand docking and scoring. ICM ligand docking is based on biased probability Monte Carlo optimization of the ligand internal coordinates in the set of grid potential maps of the receptor. A diverse set of conformers was first generated from PDB ligand coordinates by ligand sampling in vacuo. Each conformer was locally minimized with relaxed bond lengths and bond angles using the MMFF-94 force field in order to remove any bias towards receptor-bound covalent geometry. The generated conformers were then placed into the binding pocket in four principal orientations and used as starting points for Monte Carlo optimization. The optimized energy function included the ligand internal strain and a weighted sum of the grid map values in ligand atom centers. The attractive DOLPHIN density map was added to the standard set of ICM receptor maps. The number of sampling steps was limited to 50,000 per ligand per receptor (20-40 seconds on Intel® Core™ 2 Duo E6600 @ 2.40 GHz).
ICM Full-Atom Ligand-Receptor Complex Refinement and Scoring
The top-scoring ligand poses were merged with their DOLPHIN receptors to obtain full-atom models of the complexes. Each complex was refined by local gradient minimization of the ligand and surrounding pocket side-chains and global Monte Carlo optimization of rotatable hydrogens. During the refinement, the ligand heavy atoms were tethered to their docking positions with a harmonic restraint whose weight was iteratively decreased.
The complexes were evaluated with full-atom ICM ligand binding score 26 that has been previously derived from a multi-receptor screening benchmark as a compromise between approximated Gibbs free energy of binding and numerical errors. The score was calculated by:
where E vw , E el , E hb , E hp , and E sf are Van der Waals, electrostatic, hydrogen bonding, non-polar and polar atom solvation energy differences between bound and unbound states, E int is the ligand internal strain, ΔS Tor is its conformational entropy loss upon binding, T = 300 K, and α i are ligand-and receptor-independent constants. The score was artificially raised for irrelevant ligand poses outside the hydrophobic/selectivity pocket, i.e. more than 2 Å from the sidechain of the removed DFG Phe or more than 5 Å from the C β atom of either conserved Lys or the gatekeeper.
Virtual Ligand Screening
The 391 crystallographic kinase ligands were docked into each DOLPHIN model. Top three poses per ligand were refined and rescored. An ordered ligand hit list was built from the best scoring ligand poses. The ROC-curves were obtained by plotting the number of top compounds in the list against the number of correct type-II ligands among them.
Determination of Kinase-Specific Binding Energy Offsets and Compound Profiling
The where m is a universal constant and b is a kinase-dependent binding energy offset. The set of 53 kinase-inhibitor pairs with available experimental binding data was described by a vector S bind of the calculated binding scores and six kinase characterization vectors, σ j (j ∈ {ABL1, BRAF1, KIT, LCK, MK14, SRC}, σ j = 1 for all data points with j as the target kinase, 0 for the rest). Partial Least Squares regression was trained to predict experimental ΔG b obs as the function of S bind and σ j :
The obtained values of b j gave the kinase-specific binding energy offsets. They were used to predict the binding energy for each kinase-inhibitor pair as ΔG b pred = m × S bind + b j , where b j is the offset for the corresponding kinase.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. DOLPHIN transformation: (a) DFG Phe and the four next residues in the sequence are removed; (b) attractive density is generated from selected removed atoms. The transparent blobs represent equipotent contours of the lipophilic (dark-blue) and polar (sea-green) parts of the density; (c) this computational "surgery" dramatically affects the ligand binding pocket shape and size, producing a type-II compatible model. Comparison of the top-scoring poses of the crystallographic type-II ligands in DOLPHIN MRC ensembles of their target kinases (red) with the crystallographic complexes (green). *For MK14 and compound 2 (PDB Het AQZ), the correct pose was ranked first after refinement and fullatom scoring. VLS performance of DOLPHIN MRC ensembles, evaluated as the area under their ROC curves. Three to fourteen active type-II compounds per kinase were recognized in a set of 391 kinase ligands. Red 3D inserts represent the ROC curves for individual DOLPHINs. Examples of compound secondary activity prediction using DOLPHIN screening. Top-scoring poses of the inhibitors in DOLPHIN models of the off-target kinases are shown. Inhibition of these kinases was confirmed by the authors of the original studies. Comparison of experimental activities of known type-II kinase inhibitors with their binding affinities predicted by the DOLPHIN kinase models. Side-by-side comparison of (a) the best scoring pose of compound 10 (BIRB-796) in the DOLPHIN ensemble of the MK14 kinase with (b) the crystallographic complex: DOLPHIN docking reproduces the detailed inter-atomic contacts. Hydrogen bonds are shown as colored dots; the receptor pocket surface as transparent mesh. Table 1 RMSD values for top-scoring docking poses of crystallographic type-II ligands in DOLPHIN models of their respective kinase targets. 
